ABSTRACT
INTRODUCTION
The Hawaiian-Emperor Chain (Fig. 1) is the classic example of a hotspot chain formed by a mantle plume (e.g., Wilson , 1963; Morgan, 1971) . It is one of the tectonically simplest (distant from any plate margin or continent for more than 70 m.y.) and longest examples of an oceanic island chain or hotspot track, with >100 volcanoes formed over 82 m.y. and extending ~6000 km in length (Fig. 1) . The active southeast portion of the chain (the Hawaiian Islands) is surrounded by an ~1000-kmwide bathymetric swell, which is thought to be associated with a hot buoyant mantle plume beneath the lithosphere (e.g., Ribe and Christensen, 1999) . Many studies have suggested that the classic view of mantle plumes is too simplistic (e.g., heat fl ow pattern not as predicted; Von Herzen et al., 1989 ; hotspots are not fi xed; Tarduno et al., 2003 Tarduno et al., , 2009 ). These and other complications led some to question the existence of mantle plumes, even for Hawai'i (Foulger and Jurdy, 2007) . The discovery of a seismically defi ned deep conduit under the Island of Hawai'i (Wolfe et al., 2011) , together with the association of enriched geochemical signatures in oceanic islands related to deep mantle sources (Weis et al., 2011; Huang et al., 2011) , has renewed support for the deep mantle plume hypothesis.
Is the Hawaiian-Emperor Chain a large igneous province (LIP)? Coffi n and Eldholm (1992, 1994) included the HawaiianEmperor Chain within the seamount group of LIPs. A revised LIP defi nition (Sheth, 2007) recommended a new subcategory, large basalt provinces, which eliminated many oceanic island and seamount groups but included the Hawaiian-Emperor Chain as an example along with classic continental examples (e.g., Deccan Traps Basalt and Columbia River Basalt). A more restricted defi nition by Bryan and Ernst (2008, p. 175) ) and maximum lifespans of ~50 m.y. that have intraplate tectonic settings or geochemical affi nities, and are characterised by igneous pulses of short duration (~1-5 m.y.), during which a large proportion (>75%) of the total igneous volume has been emplaced." The Hawaiian-Emperor Chain qualifi es in tectonic setting, area, and volume (~6 Mkm 3 ) but not in duration of formation (it is too long, >80 m.y.). However, if only the Hawaiian Ridge portion of the chain is considered, it qualifi es as an LIP using the new defi nition because its activity covers <50 m.y. and each shield volcano probably formed over a period of <5 m.y. (Sharp and Clague, 2006; Garcia et al., 2006) . Regardless of the defi nition used, the Hawaiian-Emperor Chain has been recognized as a major basaltic province for more than 100 years (Dana, 1890) . We show here that much of Hawaiian Ridge is poorly known and deserves better geological, geochemical, and geochronological characterization.
The purpose of this paper is to provide an update on the current knowledge of the age and isotopic variations along the Northwest Hawaiian Ridge, the part of the ridge northwest of the Hawaiian Islands (Fig. 1) . We also provide new petrographic and XRF data for lavas recently collected using the University of Hawai'i's HOV (Human Occupied Vehicle) submersible Pisces V, as well as dredged and island samples from the University of Hawai'i and Scripps Institution of Oceanography rock collections for 12 volcanoes. The submersible dives were part of a reconnaissance survey of the new U.S. marine sanctuary, Papahānaumokuākea Marine National Monument. Our sample suite extends from Nῑhoa (in the southeast) to Academician Berg Seamount (in the northwest), spanning ~1900 km of the ridge ( Fig. 1 ) and across the entire monument. Many critical questions remain unresolved about the Northwest Hawaiian Ridge, including the age progression of volcanoes (e.g., several volcanoes over a 1000 km section have reported ages of ca. 27 Ma), mantle source (whether both the Kea and Loa source compositions or other components are present), and the cause of the dramatic (300%) increase in its melt fl ux (Vidal and Bonneville, 2004) for the Hawaiian Ridge. New age and other geochemical data will have fundamental implications for the Hawaiian mantle plume source components and dynamics, and for our understanding of Cenozoic plate kinematics. This paper highlights the gaps in our knowledge base for age and composition of lavas from the Northwest Hawaiian Ridge.
GEOLOGIC BACKGROUND
The Hawaiian-Emperor Chain can be subdivided into three segments ( Fig. 1 ) from north to south: Emperor Seamounts (north of the bend, ~2500-km-long segment with at least 45 volcanoes; Clague, 1996) , Northwest Hawaiian Ridge (south of the bend to Middle Bank Seamount, ~2800-km-long segment with at least 51 volcanoes; see below for the criteria used here), and the Hawaiian Islands (Ni'ihau to the Island of Hawai'i, ~700 km long with at least 19 volcanoes). The geochemistry and ages of lavas from the Hawaiian Islands have been and continue to be intensively investigated (e.g., Sherrod et al., 2007; Garcia et al., 2010; Weis et al., 2011, and references therein) . In contrast, the other two segments of the Hawaiian-Emperor Chain have received only piecemeal sampling and study. The Emperor Seamounts have been better sampled than the Northwest Hawaiian Ridge as a result of four Ocean Drilling Program Legs (19, 55, 145, and 197; e.g., Jackson et al., 1980; Duncan et al., 2006) and several dredging expeditions (see Clague and Dalrymple, 1987) . These studies created a good characterization of the age and geochemistry of the lavas from many of the seamounts using modern high-precision methods (e.g., Regelous et al., 2003; Duncan and Keller, 2004; Huang et al., 2005; Sharp and Clague, 2006) . These studies also showed that the Emperor Seamounts formed from the same mantle source, and had multistage growth histories similar to those of Hawaiian Island volcanoes. The variations in geochemistry and isotopic compositions of shield lavas along the Emperor Seamounts have been explained by a thickening lithosphere over the hotspot, which controlled the depth and extent of partial melting (e.g., Regelous et al., 2003; Huang et al., 2005) .
The Northwest Hawaiian Ridge (south of the bend to the northern Hawaiian Island of Ni'ihau; Fig. 1 ) was sampled spo- radically in several dredging programs in the 1970s and 1980s, and in 1999 in the northern part of the ridge. Midway Atoll was drilled in 1963-1964 (two holes, 173 and 504 m deep) that recovered mostly carbonate rock but bottomed in basalt (Ladd et al., 1970) . In addition, four islands (Necker, now called Mokumanamana, Nῑhoa, French Frigate, and Midway) that represent remnants of shield volcanoes were sampled in 1968 (Dalrymple et al., 1974) . Some of the recovered lavas were geochemically characterized (mostly for major elements) and dated using K-Ar methods (Clague and Dalrymple, 1987; Garcia et al., 1987) . Lavas from two seamounts (Northampton and Laysan) were dated using 40 Ar methods, and analyzed by XRF for major and trace elements (Dalrymple et al., 1981 Ar ages and whole-rock major and trace element data for eight seamounts between the bend and Pearl and Hermes Seamount were presented by O'Connor et al. (2013) . Lavas from Mokumanamana and Nῑhoa islands and French Frigate, Gardner, and Northampton seamounts were studied for Nd and Sr isotopes (Basu and Faggart, 1996) . Thus, this 2800-km-long portion of the Hawaiian chain (especially from Middle Bank to Midway) is poorly characterized geochemically and geochronologically, especially using modern methods. The current databases for age and isotope geochemistry of the Hawaiian Ridge are detailed below. Most of the Northwest Hawaiian Ridge is now part of the Papahānaumokuākea Marine National Monument, which is effectively closed to new lava sampling by dredging methods.
Most Hawaiian Island volcanoes follow an evolutionary sequence that is well documented (Macdonald et al., 1983; Walker, 1990) , although the details continue to be refi ned (e.g., Sherrod et al., 2007; Garcia et al., 2010) . The earliest lavas of each volcano formed either on the deep (~5 km) Cretaceous oceanic crust or on the fl anks of an adjacent, earlier formed volcano. The Northwest Hawaiian Ridge volcanoes are generally much less voluminous than those from the Hawaiian Islands (except Gardner; Bargar and Jackson, 1974) . Thus, most of these volcanoes formed as isolated features on the deep ocean fl oor (e.g., Midway; Fig. 1 ). However, some formed on the fl anks of adjacent volcanoes similar to the Hawaiian Islands (e.g., Mokumanamana and Southeast Necker; Fig. 1 ). The typical eruptive sequence for Hawaiian volcanoes starts with pre-shield alkalic lavas (<1% of total volcano volume; Moore et al., 1982; Garcia et al., 2006) , followed by voluminous tholeiitic lavas of the shield stage (95%-99% of volcano) capped by weakly alkalic lavas of the post-shield stage (1%-3%; Macdonald et al., 1983) . Lavas formed during the preshield stage are deeply buried by subsequent volcanism (>3 km) and are unlikely to be sampled after shield stage volcanism. Postshield stage lavas usually form a thin cap (e.g., <10 to ~1000 m on Mauna Kea volcano; Wolfe et al., 1997) on the upper parts of the subaerial shield volcanoes extending to near sea level. The entire eruptive sequence for Hawaiian shield volcanoes may take ~1.5 m.y. (Garcia et al., 2006) . After a hiatus in eruptive activity of 0.5-2 m.y., new eruptions (rejuvenation stage; Ozawa et al., 2005) of strongly to moderately alkalic lavas occur on ~50% of the volcanoes within the Hawaiian Islands (Sherrod et al., 2007) .
Assigning volcanic stage classifi cations to lavas collected by dredging and submersible from the Northwest Hawaiian Ridge is challenging in the absence of fi eld relationships. Here we have used classifi cations based on petrography, and plots of the total alkalies versus silica (TAS) (Macdonald et al., 1983; Le Maître , 2002) and Nb/Y versus Zr/Y (Fitton, 2007) . Rocks that plot below the Macdonald-Katsura line on the TAS diagram are tholeiitic and are considered to be from the shield stage. Alkalic lavas , which plot above the Macdonald-Katsura line, could be from the post-shield or rejuvenation stages. Only the post-shield stage has evolved alkalic rocks (Macdonald et al., 1983) . Thus, alkalic rocks with silica >50 wt% (mugearites to trachytes) are likely to be from the post-shield stage. The Nb/Y versus Zr/Y plot appears to discriminate between alkalic basalts of the postshield and rejuvenation stages. Rejuvenated rocks have higher Nb/Y ratios than those from the post-shield stage . These elements (Nb, Zr, and Y) are relatively insensitive to alteration, which is desirable for the Northwest Hawaiian Ridge rocks because they have undergone variable amounts of alteration. Where geochronologic data are available, ages are also used to evaluate volcanic stage relationships.
Subsidence on Hawaiian volcanoes occurs during and after their formation. It is initially rapid (2.6 mm/yr for the Island of Hawai'i) and thought to be related to loading of the lithosphere from the accumulation of lavas above the Hawaiian hotspot (e.g., Ludwig et al., 1991; Bianco et al., 2005) . Later subsidence is slower and considered to be a consequence of lithospheric cooling (Phipps Morgan et al., 1995) . Total subsidence varies (as inferred from a sharp slope change that marks the former shoreline that represents the maximum extent of the volcano as an island; e.g., Mark and Moore, 1987) with the age and size of the volcano (e.g., ~800 m for Middle Bank, a small isolated volcano at the southern end of the Northwest Hawaiian Ridge, versus ~2000 m for Gardner Seamount, a giant volcano near the center of the Northwest Hawaiian Ridge; Fig. 1 ). Coral reefs begin forming as the volcano approaches sea level and continue to grow as the volcano drifts off the hotspot to the northwest. The best-documented case within the Northwest Hawaiian Ridge is Midway volcano; drilling showed it is capped by ~400 m of coralline debris with some interbedded clay (Ladd et al., 1970) . Thus, attempts to sample lavas from the northwest Hawaiian volcanoes must focus on their fl anks to avoid carbonate rocks. Sampling at shallower depths (but below the carbonate platform) is likely to return lavas from the post-shield stage, whereas at deeper depths (>2000 m) the lavas are more likely to be tholeiitic. Rejuvenated rocks may form anywhere on the volcano, as seen for the northern Hawaiian Islands (e.g., Garcia et al., 2008) .
NORTHWEST HAWAIIAN RIDGE VOLCANO INVENTORY
Here we present a new compilation of bathymetric data (Fig. 1) , and a reevaluation of the number and location of volcanoes within the Northwest Hawaiian Ridge (Table 1) . We have also compiled the new names for several of these volcanoes using Google Earth, the GEBCO (General Bathymetric Chart of the Oceans; http:// www .ngdc .noaa .gov/ gazetteer/) database, and the Advisory Committee on Undersea Features database. Previous compilations, which were based on much less precise bathymetric data, found 53 (Bargar and Jackson, 1974; Clague and Dalrymple, 1987) to 63 volcanoes (Clague, 1996) . Our new map ( Fig. 1) is incomplete, especially in the northwestern part of the ridge where few multibeam surveys have been made. Thus, the identifi cation of some seamounts was based on the global Funkhouser et al., 1968; 2-Dalrymple et al., 1974; 3-Clague et al., 1975; 4-Dalrymple and Clague, 1976; 5-Dalrymple et al., 1981; 6-Garcia et al., 1987; 7-Duncan and Clague, 1984; 8-Sharp and Clague, 2006; 9-Dalrymple et al., 1977; 10-O'Connor et al., 2013. Petrology, geochemistry, and ages of lavas from Northwest Hawaiian Ridge volcanoesestimated topography data (Smith and Sandwell, 1997) using Google Earth. The presence of Cretaceous seamounts along and near the Northwest Hawaiian Ridge (e.g., Wentworth, Castellano, and an unnamed seamount east of Salmon Bank; Clague et al., 1975; Garcia et al., 1987; O'Connor et al., 2013) complicates any attempt to make an accurate inventory of Northwest Hawaiian Ridge volcanoes without sampling each seamount. Only 27 seamounts in the Northwest Hawaiian Ridge have been sampled ( Fig. 1; Table 1 ). Here we took a conservative approach in identifying volcanoes based on either new or previous sampling or multibeam data. Seamounts that are unsampled and poorly surveyed were considered part of the Hawaiian Ridge only if their summits are shallower than 1000 m below sea level and they are located along the trend of the ridge. More sampling and surveying is needed to determine with confi dence whether seamounts along and near the axis of the Hawaiian-Emperor Chain are actually part of the Northwest Hawaiian Ridge or Cretaceous seamounts.
We identifi ed 51 volcanoes between the bend in the HawaiianEmperor Chain (starting with Yuryaku) and the northern Hawaiian Islands (Middle Bank is the southernmost volcano; Table 1 ). The distance of each volcanic center from Kīlauea volcano ( Table 1) was determined using the most recent and highest resolution global topographic database compilation (SRTM30_PLUS), which includes shipboard soundings derived from multibeam bathymetry and predicted topography for other unmapped regions using satellite gravity measurements (Becker et al., 2009 ). The center of Kīlauea's summit crater, Halema'uma'u, was chosen as the starting reference point (-155.273840°, 19.413017°) . The data were gridded at 1 km spacing and imported into the visualization and analysis software package Fledermaus (http:// www .qps .nl /display /fl edermaus), which was used to determine the most likely locations of the volcanic centers. The coordinates were picked and then exported to the GMT (Generic Mapping Tools) System program map project (Wessel and Smith, 1991) , which was used to measure the distance from Kīlauea to each volcanic center.
The Northwest Hawaiian Ridge volcanoes are characterized by their diversity in shape and size. Their confi guration varies greatly, from small volcanoes with a conical shape (e.g., unnamed volcano southwest of Colahan) or star pattern of rift zones (Abbott ) to a giant volcano with three massive rifts (Gardner; Fig. 1 ). Several of the volcanoes are strongly asymmetrical with one extraordinarily long rift (e.g., West St. Rogatien, West Northampton, and Pioneer; Fig. 1 ) similar to some volcanoes in the Hawaiian Islands (Haleakalā and Kīlauea). Some isolated volcanoes have more than three rift zones (e.g., Middle Bank, French Frigate, and Raita) like Kaua'i volcano. The size of Northwest Hawaiian Ridge volcanoes ranges from 54 × 10 3 km 3 (Gardner) to ~1 × 10 3 km 3 (Academician Berg; Bargar and Jackson, 1974) . In comparison, the volcanoes of the Hawaiian Islands vary in volume from 74 × 10 3 km 3 (Mauna Loa) to 9.6 × 10 3 km 3 (Ka'ula; Robinson and Eakins, 2006 ; Vidal and Bonneville, 2004) . There has been an exponential increase in magma fl ux over the past 5 m.y. (Fig. 2) . Overall, there has been a progressive increase in magma fl ux along the Northwest Hawaiian Ridge starting ~500 km after the bend in the Hawaiian-Emperor Chain with a sharp fl ux increase for Gardner volcano (Fig. 2) .
GEOCHRONOLOGY OF THE NORTHWEST HAWAIIAN RIDGE
Numerous radioisotopic ages were obtained in the 1960s to 1980s for volcanic samples collected during several dredging and drilling expeditions along the Hawaiian-Emperor Chain. These ages generally get progressively older with distance from the current location of the mantle plume beneath the Island of Hawai'i, supporting the hotspot hypothesis (Wilson, 1963; McDougall, 1971; Morgan, 1971 Ar ratio, making the accuracy of these ages diffi cult to assess. In some compilations of K-Ar ages for multiple samples from one volcano, it was assumed that the oldest age was the best age (e.g., Clague and Dalrymple, 1987) , although ages were averaged in other studies (e.g., Garcia et al., 1987) . ) for the Hawaiian Ridge estimated using a fl exural compensation model (modifi ed after Vidal and Bonneville, 2004) . Note the dramatic increase in fl ux toward the Hawaiian Islands, with Mauna Loa at the young end of the ridge, and the distinct high at Gardner. Other prominent volcanoes along the chain are labeled. No magma fl ux was estimated at the bend in the Hawaiian-Emperor Chain to avoid biased values due to the computation method used (Vidal and Bonneville, 2004 Ar ages (ranging from 30.7 ± 0.7 to 7.2 ± 0.3 Ma) exist for these volcanoes (Dalrymple et al., 1974 (Dalrymple et al., , 1977 (Dalrymple et al., , 1981 Dalrymple and Clague, 1976; Clague et al., 1975; Duncan and Clague, 1984; Garcia et al., 1987) , these ages should be used with caution (Fig. 3) . For example, the existing ages seem to indicate that an ~900 km section from Hancock to East Northampton volcanoes formed at the same time (ca. 27 Ma). Early 40 Ar/ 39 Ar incremental heating experiments, despite being conducted on whole-rock cores and consisting of 3-8 heating steps, yielded ages that were signifi cantly (up to 20 m.y.) older than the K-Ar ages on the same samples ( Fig. 3 ; Dalrymple and Clague, 1976; Dalrymple et al., 1981) . However, these ages are also potentially problematic because whole-rock samples likely contain altered material and/or olivine phenocrysts, which invariably contain excess 40 Ar (Althaus et al., 2003 Ar ages (Koppers et al., 2004 (Koppers et al., , 2011 . Modern ages have been reported from shield and/or post-shield stage lavas on Yuryaku, Kammu, Daikakuji, and Abbott seamounts just south of the bend in the Hawaiian-Emperor Chain (Fig. 3) Ar age has been obtained for a Northwest Hawaiian Ridge rock that was interpreted to be from the rejuvenation stage (Colahan, 38.7 ± 0.2 Ma; Sharp and Clague, 2006) . It is essential to consider the chemistry of the analyzed lavas when assessing
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Bend Ar methods (half-fi lled diamonds; Sharp and Clague, 2006; Jicha et al., 2012; Sharp and Renne, 2005) . The other ages were determined using K-Ar methods (squares) or 40 Ar/ 39 Ar with no separation of phenocrysts and few fusion steps (open diamonds). Data sources: Dalrymple et al. (1974 Dalrymple et al. ( , 1977 Dalrymple et al. ( , 1981 , Clague et al. (1975) , Dalrymple and Clague (1976) , Clague and Dalrymple (1987) , Garcia et al. (1987) , Sherrod et al. (2007) , O'Connor et al. (2013, and references therein) . The ages are subdivided based on which eruptive stage of the volcano (shield-red; post-shield-blue, rejuvenation-yellow) was analyzed. the progression of ages along the Hawaiian-Emperor Chain because geochronologic studies of the Hawaiian Islands have shown that rejuvenated volcanism may occur as much as 4 m.y. after the post-shield stage (e.g., Sherrod et al., 2007; Garcia et al., 2010) . Thus, ages from rejuvenated lavas will not accurately refl ect the timing of passage of the Pacifi c lithosphere over the plume vertical stem. Post-shield alkalic lavas may have double or more the potassium content of shield tholeiitic lavas and tend to yield more precise ages (e.g., Sharp and Renne, 2005) . These lavas are probably erupted <0.5 m.y. after the shield stage , and thus are desirable for determining reliable ages for Hawaiian volcanoes. The lack of 40 Ar/ 39 Ar ages determined by modern methods for much of the Northwest Hawaiian Ridge prevents the rate of Pacifi c plate motion to be well constrained during much of the Cenozoic (6 to 24 Ma).
SAMPLES AND PETROGRAPHY
We examined thin sections for 64 samples from 12 volcanoes along the Northwest Hawaiian Ridge. Modes for 26 representative samples are given in Table 2 . Most of the samples (52) were collected by the Pisces V submersible from depths <2000 m (limit of submersible) and are labeled with the prefi x P5. Two other sample suites were used: (1) dredged samples from the University of Hawai'i research expeditions in 1972 and 1976 (they are labeled with the prefi x 72 or 76); and (2) samples from the islands of Mokumanamana (prefi x NEC) and Nῑhoa (prefi x NIH) that were obtained from the University of California San Diego Scripps Collection. All of the studied samples have a manganese coating, which varied in thickness from <2 mm to >5 mm. There is no correlation between sample location along the chain and coating thickness. For example, East Northampton Seamount dredged samples (e.g., 76-5-4) have thin coatings (<1-2 mm), whereas submersible collected samples from neighboring Laysan Island volcano sample have thick coatings (~10 mm). Thinner coatings probably refl ect more recent exposure to the surface rather than age of the sample.
The extent of sample alteration is highly variable (e.g., Gardner and Nīhoa volcanoes samples 76-6-7 and NIH-D-1-2, respectively, are weakly altered with only thin (<0.01 mm) idding site rims on olivine phenocrysts and open vesicles, whereas some samples (e.g., 72-37A from Gardner) have olivine that has been completely replaced by iddingsite and extensive development of secondary minerals (clay, zeolite, calcite, and/or phosphate fi lling vesicles and voids, and the glassy matrix is replaced by clays). Vesicularity in the ridge samples ranges widely from weak (~1 vol%; sample 76-5-4-A) to high (31%; sample P5-544-5 from Mokumanamana; Table 2 ). Many of the dredged samples have lower vesicularity (e.g., East Northampton, Gardner, and Brooks samples with <5 vol%; Table 2), perhaps related to eruption in deeper water (e.g., Moore, 1965) . Vesicle shapes are commonly spherical, especially in the more vesicular samples.
Rock types vary from picritic basalt (>15 vol% olivine) to polymictic aphyric volcanic breccia (Table 2 ). Among the Mineralogy reported only for phenocrysts (ph), >0.5 mm; Cpx-clinopyroxene, Plag-plagioclase. Alteration levels: low-minor alteration of olivine only; medium-extensive alteration of olivine and some clay or other minerals in vesicles and/or discoloration of matrix.
*Contains 2-3 vol% biotite and 1-5 vol% sanidine. + -olivine completely altered.
volcanic rocks, textures range from glassy to holocrystalline. Some samples have trachytic or felty textures, whereas others are inter granular or hyalopilitic. Olivine is the dominant phenocryst (<0.5 mm) with abundances from 0 to 33 vol% (Table 2 ).
In the trachytic and felty textured samples, olivine is absent or rare (<1 vol%). Olivine preservation is excellent in some samples (e.g., from Nῑhoa) and poor in others (totally replaced with clays and iron oxides; e.g., P5-529-1 from Pioneer Seamount). In samples with totally altered olivine, the clinopyroxene and plagioclase crystals are usually unaltered. Plagioclase phenocrysts are common (>4 vol%) in samples from Raita, Pioneer, and Academician Berg, but are otherwise sparse or absent in Northwest Hawaiian Ridge samples. Clinopyroxene phenocrysts are uncommon in these rocks (Table 2) . Spinel occurs as inclusions in olivine, as groundmass crystals, and, rarely, as microphenocrysts (0.1-0.3 mm). Biotite was found in three Mokumanamana trachyte samples (Table 2) .
WHOLE-ROCK MAJOR AND TRACE ELEMENT GEOCHEMISTRY
New XRF analyses were made of 45 samples from 12 volcanoes along the Northwest Hawaiian Ridge (Table 3) . Samples were coarsely crushed (1-8 mm diameter) with a tungstencarbide (WC) coated hydraulic press, ultrasonically cleaned in Millipore water, dried for 24 h at 40 °C and hand-picked to remove fragments with signs of alteration (discolored pieces and ones with minerals in vesicles). This procedure ensured that only the freshest parts of each sample were analyzed. Samples were powdered using a WC-lined mill. The P5 samples were analyzed at the University of Hawai'i (for analytical methods and precision for this laboratory, see Sinton et al., 2005) . The other samples were analyzed at the University of Massachusetts (for analytical procedures and precision, see Rhodes and Vollinger, 2004) . No samples were analyzed in both laboratories, but the BHVO-2 reference sample from Kīlauea volcano was run as an internal monitor in both laboratories and the results are comparable.
Alteration is a major concern for submarine samples older than 1 Ma. Although only the freshest material from each sample was analyzed by XRF, many of these samples have petrographic signs of alteration, as noted herein. Useful criteria for identifying altered rocks among the new analyses is high loss on ignition (LOI > 3 wt%) and P 2 O 5 content (>2.5 wt%). Among the samples reported here, the LOI values are highly variable (<1-13 wt%; Table 3 ). Samples with LOI values >5 wt% were not included in the plots presented here. A few samples, especially evolved alkalic lavas from Laysan, have high P 2 O 5 (compared to the highest value reported in Hawaiian Island basalts, 2.3 wt% from Kohala volcano; Spengler and Garcia, 1988) . The presence of secondary phosphate in these samples was confi rmed by petro graphic inspection. Any sample with >3.1 wt% P 2 O 5 was not included in the plots presented here. Another commonly used measure of alteration for Hawaiian tholeiitic lavas is K 2 O/P 2 O 5 (K/P), which is normally 1.5-2.0 in fresh tholeiitic lavas (e.g., Wright, 1971) , although values as high as 3.2 have been reported in seemingly unaltered tholeiitic lavas from Mauna Kea volcano . The K/P ratio is highly sensitive to alteration. It reaches values as low as 0.4 among younger than 1 Ma, mildly altered lavas from the Hawaiian Scientifi c Drilling Project . For alkalic lavas, K/P is more variable even in fresh lavas, especially fractionated post-shield lavas (e.g., 0.7-4.7; Spengler and Garcia, 1988) . Among the Northwest Hawaiian Ridge tholeiitic lavas, K/P varies from 0.5 to 1.8. However, many samples containing only weakly altered olivine (e.g., 76-6-7-A) have low K/P (<1), so they were included in all plots.
The new XRF major element analyses for Northwest Hawaiian Ridge lavas show a wide range in composition, from picrobasalt to trachyte (44-63.5 wt% SiO 2 ; Fig. 4 ). Tholeiitic basalts (samples that plot below the Macdonald-Katsura line on the TAS plot; Fig. 4) were obtained from Pioneer, Gardner, East Northampton, Laysan, Mokumanamana, and Nῑhoa volcanoes. These compositions are diagnostic of the Hawaiian shield stage of volcanism (e.g., Macdonald et al., 1983) . The tholeiitic samples vary markedly in MgO content (0.5-20.4 wt%; Table 3 ). Some samples (from Twin Banks, Pioneer, and Gardner) have transitional compositions plotting close to the dividing line on the TAS plot (Fig. 4) . Transitional compositions are typical of the early post-shield stage of Hawaiian volcanism (e.g., Frey et al., 1990) . The other new samples are basanitoids (no modal nepheline), alkalic basalts, or evolved alkalic lavas (hawaiite to trachyte; Fig. 4 ). Of the 12 sampled volcanoes, 4 have both tholeiitic and alkalic lavas (Mokumanamana, Gardner, Laysan, and Pioneer; Fig. 4 ). On MgO variation diagrams (Fig. 5) , the samples show a linear increase in Al 2 O 3 with decreasing MgO (a trend commonly observed in Hawaiian lavas; Jackson et al., 2012) . This trend indicates that plagioclase has not played an important role in the fractionation history of these lavas. TiO 2 also shows an increasing trend with decreasing MgO, but only in rocks with MgO >3 wt%. Below that value, TiO 2 drops sharply from 4.6 to 0.6 wt% (Fig. 5) . Total iron shows a similar trend (Table 3 ). The sharp decreases in TiO 2 and total iron probably indicate the crystallization of titanif erous magnetite, which occurs as microphenocrysts in these strongly evolved rocks. The CaO/Al 2 O 3 ratio is high (0.8-1.0) for rocks with >6 wt% MgO (indicating dominance of olivine fractionation) but drops to 0.1 wt% in the low MgO samples (Fig. 5) , refl ecting extensive clinopyroxene fractionation.
Trace element concentrations in the Northwest Hawaiian Ridge samples are also highly variable, especially for compatible elements (Ni, 4-1086 ppm; Cr, 4-1166; Table 3 ), with the highest values in the olivine-rich tholeiites from Nῑhoa, Gardner, and Pioneer volcanoes and lowest in the trachytes. Incompatible elements also show wide ranges in abundances (Ba, 32-2467 ppm; Sr, 113-1238 ppm; Table 3 ). Enrichment factors vary from 10 for Sr to >70 for Rb (which is highly susceptible to alteration artificially creating a high enrichment factor). Variation diagrams were made with Ba on the x-axis (which has an enrichment factor of 30). These plots generally show positive trends for Nb and Sr below 600 ppm Ba. The more evolved lavas from Mokumanamana are off the trend (Fig. 6) , perhaps related to fractionation of alkali feldspar, which is present in these samples ( Table 2 ). Plots of incompatible elements ratios (Zr/Nb, Nb/Y) versus Ba show more scattered trends, especially for the trachytes (Fig. 6 ). Zr/Nb ratios are <14 in all samples, which is typical of lavas from Kea trend volcanoes (e.g., Kīlauea and Mauna Kea; Quane et al., 2000; Rhodes et al., 2012) . One method that has been used to distinguish Hawaiian alkalic lavas from post-shield versus rejuvenation stages is a plot of Nb/Y versus Zr/Y. Fitton (2007) and Greene et al. (2010) showed that shield lavas plot slightly below and at angle to the Δ Nb = 0 line, post-shield alkalic lavas plot somewhat above this trend with higher Nb/Y values, and rejuvenated rocks plot well above both groups with the highest Nb/Y values for a given Zr/Y (Fig. 7) . Among our new samples, the ones with tholeiitic and transitional compositions plot within or along the Hawaiian shield trend, whereas some samples from Laysan, Gardner, Mokumanamana, and Brooks Banks volcanoes plot in or near the fi eld for rejuvenated lavas (Fig. 7) . Similar samples from Academician Berg Seamount were dated by 40 Ar/
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Ar and interpreted to be post-shield lavas (Sharp and Clague, 2006) . The Laysan samples are benmoreites and trachytes; these rocky types have been reported only among post-shield sequences for Hawaiian volcanoes (Macdonald et al., 1983) and never from rejuvenated suites (e.g., Kauai; Garcia et al., 2010) . A sample from Brooks Bank (72-41B) plots in the rejuvenated fi eld (Fig. 7) , although it is a weakly alkalic basalt, unlike most rejuvenated lavas. The K-Ar age for this sample is ~3 m.y. younger than the alkalic basalt dated sample from this volcano (Garcia et al., 1987) , so it might be a rejuvenated rock. Modern Nd) than post-shield lavas in Hawai'i (e.g., Frey et al., 2005) .
Pb, Sr, Nd, AND Hf ISOTOPIC VARIATION
Isotopes, including Pb, Hf, Nd, and Sr, provide a powerful method of evaluating the mantle source, magmatic processes, and melt history of volcanic rocks (e.g., Hofmann, 2003; Weis et al., 2011) . Study of the isotopic characteristics of Northwest Hawaiian Ridge lavas began with strontium isotopes (Lanphere et al., 1980) . Only two subsequent isotope studies have followed this pioneering work on the ridge (Basu and Faggart, 1996; Regelous et al., 2003) . High-precision modern isotopic data are even scarcer with only four samples from the two oldest Hawaiian Ridge seamounts, Daikakuji and Yuryaku (Regelous et al., 2003) . There are no Hf isotope data for the entire Northwest Hawaiian Ridge, although this system is paramount in documenting the presence of recycled material in the source of Hawaiian basalts (e.g., Blichert-Toft et al., 1999) .
Alteration and contamination of samples radically affects the subsequent measured isotopic values of samples (e.g., Abouchami et al., 2005; Nobre-Silva et al., 2009 . In order to achieve accurate isotopic measurements on altered submarine basalts, acid leaching is essential. This is especially true for Pb and Sr, which are susceptible to post-eruption mobility and contamination from Fe-Mn crusts for Pb (Abouchami et al., 2005; Nobre Silva et al., 2009) or seawater for Sr (Zindler et al., 1984) . Furthermore, in order to correct isotopic measurements to the initial H a w a ii a n S h ie ld H a w a i i a n P o s t -S h i e l d Table 3 ). The blue dividing line for separating alkalic (circles above the line) from tholeiitic lavas (triangles below) is from Macdonald and Katsura (1964 magmatic values both accurate ages and radiogenic isotope parent element concentrations are required. We have discussed the problems with reliable radiometric ages for Northwest Hawaiian Ridge lavas. There are also diffi culties in obtaining primary elemental concentrations of parent-daughter elements, undisturbed by secondary alteration, because some elements (e.g., U, Rb, and, to a lesser extent, Pb) are highly susceptible to low-temperature alteration. Thus, the measured elemental concentrations in weakly altered submarine basalts are usually not representative of the primary parent-daughter concentration, resulting in poor corrections of the measured isotopic ratios for post-eruption in situ decay. Careful selection of average oceanic island basalt normalization ratios can be used to correct this problem, although the results still include considerable uncertainty that may account for some erroneous values in data sets (e.g., Regelous et al., 2003) . The reliability of the existing isotopic database for the Northwest Hawaiian Ridge is strongly compromised by the uncertainties asso ciated with inadequate treatment of these problems.
Here we present a compilation of Sr, Nd, Pb, and Hf isotopic data for the Emperor Seamounts and Northwest Hawaiian Ridge (Table A1 (Table A1 in Appendix).
The available Sr and Nd isotopic data along the Northwest Hawaiian Ridge are nearly homogeneous without any robust trends (Fig. 8) . The ε Nd values are relatively high from the Emperor Seamounts through the Northwest Hawaiian Ridge compared to the values for the Hawaiian Islands (Fig. 8B ). There is a slight decrease in ε Nd values from Gardner to Nῑhoa volcanoes, although the values for Daikakuji (near the bend in the HawaiianEmperor Chain) are lower (Fig. 8B) . Sr isotopic ratios span a broad range for the Hawaiian Ridge with no consistent trend versus distance from Kīlauea (Fig. 8A) . Some individual volcanoes show broad ranges (e.g., Daikakuji for two transitional basalts), whereas others have a narrow range in Sr isotopic ratios (Gardner and Mokumanamana) that may refl ect limited data. The lack of step-wise acid leaching to remove secondary material (e.g., Nobre Silva et al., 2009 Silva et al., , 2010 for the Basu and Faggart (1996) Sr isotopic ratios for rocks from the Emperor Seamounts progressively increase (0.70295-0.70370) from the oldest seamount, Meiji, southward to the bend (Fig. 8A) as shown previously (Regelous et al., 2003; Frey et al., 2005 Fig. 8 ), in comparison to the data set on the Hawaiian Islands (e.g., Tanaka et al., 2008) . Post-shield type, weakly alkalic Northwest Hawaiian Ridge lavas overlap in Sr and Nd isotopic ratios with shield-like tholeiitic lavas from the same volcanoes (Fig.  8) . In contrast, Sr isotopic ratios in shield lavas from Hawaiian Island volcanoes are higher than those from post-shield lavas, which overall show more depleted isotopic characteristics (low Hf, and unradiogenic Pb; e.g., Hanano et al., 2010) . It is important to note that the Sr isotopic measurements for samples from the Northwest Hawaiian Ridge probably do not represent magmatic values due to the lack of acid leaching; therefore, we report these results with caution.
There are virtually no Pb isotope data available for the Northwest Hawaiian Ridge except for the two oldest volcanoes, Yuryaku and Daikakuji (Regelous et al., 2003 (Fig. 9) . The one sample analyzed from Yuryaku has higher 206 Pb/ 204 Pb, typical of Kea-type lavas (Fig. 9) . These three lavas are transitional basalts with Kea-like major and trace element compositions.
DISCUSSION

Stages of Volcanism
The new XRF results (Table 3) confi rm the presence of shield and post-shield volcanism on many Northwest Hawaiian Ridge volcanoes. Tholeiitic rocks are present on the islands with erosional remnants of shield volcanoes (Nῑhoa, Mokumanamana, French Frigate, and Gardner volcanoes), were dredged from several other volcanoes (e.g., Yuryaku, Daikakuji, Pioneer, Nero, and Abbott), and drilled from Midway (Clague and Dalrymple, 1989) . The presence of tholeiitic lavas along the entire length of the Hawaiian Ridge is notable because some other oceanic island chains with lower magma supply rates apparently lack tholeiitic lavas (e.g., Louisville Ridge; Vanderklusyen et al., 2014 ; Bargar and Jackson, 1974) . Therefore, shield stage tholeiitic lavas have been recovered from nearly the full length of the Northwest Hawaiian Ridge and from small to large vol canoes. Tholeiitic lavas also have been recovered from several of the Emperor Seamounts (e.g., Regelous et al., 2003; Duncan and Keller, 2004) . Lavas with compositions typical of the post-shield stage (transitional and alkalic basalts, and moderately to highly evolved alkalic lavas) are common on many of the Northwest Hawaiian Ridge volcanoes and along its entire length (West Nῑhoa to Yuryaku; Tables 1 and 3) . Thus, the Northwest Hawaiian Ridge volcanoes continue the same evolutionary compositional trend that is well documented for the Hawaiian Islands Table 3 ) after Fitton et al. (1997) . The diagonal line is the Δ Nb = 0 reference line of Fitton (2007), which separates the fi elds for Icelandic and normal mid-oceanic ridge basalt (N-MORB) lavas. Fields for Hawaiian shield and rejuvenated lavas are from Greene et al. (2010) , and include the two best-known examples of rejuvenated volcanism from Honolulu Volcanics of Oah'u and the Kōloa Volcanics from Kaua'i. The post-shield fi eld is inferred from results for Maui post-shield lavas (Fitton, 2007) .
(e.g., Macdonald et al., 1983) , despite the dramatic variation in the size of the Northwest Hawaiian Ridge volcanoes (<1-54 ×  10  3 km   3 ; Bargar and Jackson, 1974) . The scarcity of rejuvenated lavas among the Northwest Hawaiian Ridge volcanoes is surprising. Only 4 of 27 sampled seamounts (~15% of the sampled Northwest Hawaiian Ridge volcanoes) are reported to have rejuvenated lavas (Clague and Dalrymple, 1989) . These four seamounts span nearly the full length of the Northwest Hawaiian Ridge (Mokumanamana to Colahan; Fig. 1 ). In the absence of reliable ages for most of the Northwest Hawaiian Ridge, the identifi cation of rejuvenated lavas is usually based on petrography (presence of characteristic minerals such as feldspathoids and/or strongly colored clino pyroxene; e.g., Winchell, 1947) and geochemistry (strongly alkalic basalts and isotopically depleted compositions). In the Hawaiian Islands, rejuvenated lavas are present on ~50% of the volcanoes (Sherrod et al., 2007) . Why have rejuvenated lavas been recovered from so few Northwest Hawaiian Ridge seamounts? Perhaps the rejuvenated lavas are buried under carbonate reefs on the summits of the seamounts and by sediment on their fl anks, or have been eroded. Alternatively, the higher occurrence of rejuvenated volcanism for the Hawaiian Islands, especially on and around the northern islands (Garcia et al., 2008) , may be related to the sudden increase in magma fl ux just before the islands (Fig. 2) . More multibeam surveys and sampling are needed along the Northwest Hawaiian Ridge to search for products of rejuvenated volcanism to ensure that the rarity of these lavas is not simply a sampling issue in the current database. It is interesting to note that rejuvenated volcanism was not found on the Louisville Seamounts (Vanderkluysen et al., 2014) .
Age of the Hawaiian-Emperor Bend?
The bend, the most distinctive feature of the HawaiianEmperor Chain, has been the focus of several geochronologic campaigns (Dalrymple and Clague, 1976; Clague and Dalrymple, 1987; Sharp and Clague, 2006; O'Connor et al., 2013) . For decades, the accepted age of the Hawaiian-Emperor Bend was ca. 43 Ma (e.g., Clague and Dalrymple, 1987) . However, this age estimate was found to be erroneous after new 40 Ar/ 39 Ar ages were determined (Sharp and Clague, 2006) . These results as well as those of O'Connor et al. (2013) call into question most of the early published ages on the Northwest Hawaiian Ridge. Sharp and Clague (2006) suggested that initiation of the Hawaiian-Emperor Bend occurred near Kimmei Seamount at 50.0 ± 0.09 Ma. This age is based on an interpolation for the age of the Kimmei shield stage by fi tting a linear trend to dated shield stage lavas from adjacent seamounts (Koko's northern eruptive enter, Daikakuji and Abbott seamounts). The recent adjusted linear fi t model of O'Connor et al. (2013) also predicts a 50 Ma age for Kimmei. However, O'Connor et al. (2013) suggested that the arcuate bend in the Hawaiian-Emperor Chain occurred at Daikakuji and Yuryaku seamounts at 47.5 Ma. We prefer the approach used by Wessel et al. (2006) to estimate the location Tanaka et al. (2008) . Sources for the Emperor Seamount and Hawaiian Ridge data are given in Appendix Table A1 . East Pacifi c Rise MORB data were downloaded from the PetDB website (Integrated Earth Data Applications Petrological Database; http:// www .earthchem .org /petdb) site on 8 November 2012, using the fi lter of fresh glasses only. All values were renormalized to the same isotopic standard values following the procedures described in text.
of the bend; within a 95% confi dence, they placed the bend at 33.1°N and 171.9°E, which is at Toba (Fig. 1) , an undated seamount located 40 km south of Kimmei Seamount and ~90 km northwest of Yuryaku Seamount.
An age for Kimmei of 47.9 ± 0.2 Ma is based on plagioclase from a post-shield lava (Sharp and Clague, 2006 Ar age of 47.4 ± 0.4 Ma (Fig. 3) probably occurred at 49-48 Ma, which is several million years younger than the onset of subduction along the western edge of the Pacifi c plate as inferred from U-Pb zircon ages from forearc gabbros in the Izu-Bonin-Mariana (51.7 ± 0.6 Ma; Ishizuka et al., 2011) and Tonga arc systems (51.2 ± 0.8 Ma; Meffre et al., 2012) . This contradicts the fi ndings of several recent studies (e.g., Sharp and Clague, 2006; Reagan et al., 2010; Ishizuka et al., 2011; O'Connor et al., 2013 ) that supported a causal link between the major shift in Pacifi c plate motion associated with initiation of subduction in the western Pacifi c and formation of the HawaiianEmperor Bend. A 49-48 Ma age for initiation of the bend does not preclude a link between the two events, but rather suggests that they were not synchronous.
It is important to note that the older bend in the Louisville Ridge at 169°W is estimated to have been completed by ca. 51-50 Ma, and this likely represents a minimum age for that bend (Koppers et al., 2004 (Koppers et al., , 2011 . Thus, it appears the age of the older Louisville Ridge bend more closely coincides with western Pacifi c subduction initiation, and both preceded the bend in the Hawaiian-Emperor Chain.
Source Variation for the Hawaiian-Emperor Chain
The lack of modern high-precision isotopic data from rocks from the Northwest Hawaiian Ridge precludes a detailed assessment of the geochemical evolution of the Hawaiian mantle plume for the 42-6 Ma period (Fig. 8) . Comparison of isotopic signatures for rocks from the Emperor Seamounts and Hawaiian Islands provides some limited information. Sr isotope ratios increase almost continuously in the older stages of the Emperor Seamounts with decreasing age, but are relatively homogeneous and lacking any trend along the Northwest Hawaiian Ridge (Fig. 8) . This suggests that the mechanism causing the depleted Sr isotopic signatures was not affecting the Hawaiian mantle plume by about 50 Ma, consistent with increasing distance of the Hawaiian plume from a spreading ridge with decreasing age along the chain Regelous et al., 2003; Keller et al., 2000) . However, the presence of depleted isotopic ratios along the entire Hawaiian-Emperor Chain suggests that the source of this signature is an intrinsic and persistent component of the Hawaiian mantle plume, which confi rms the interpretation of Frey et al. (2005) and others.
Isotopic data can be used to determine the spatial and temporal extent of different source components in the Hawaiian mantle plume. These aspects of plume history are particularly important for resolving the controversy regarding the origin of the distinctive Loa geochemical source component observed in the young Hawaiian lavas (younger than 5 Ma). The Hawaiian Islands have been classifi ed into two geochemical trends, termed the Loa and the Kea trends, based on different major and trace element chemistry, isotopic signature, and geographical location (Jackson et al., 1972; Tatsumoto, 1978; Abouchami et al., 2005; Weis et al., 2011) . Kea-like compositions are observed in both Emperor Seamount and Hawaiian Island lavas (e.g., Tanaka et al., 2008) , whereas Loa-like compositions were previously identifi ed only in volcanoes younger than 5 Ma (e.g., Garcia et al., 2010; Greene et al., 2010) . Lavas with unradiogenic Pb, low ε Nd , and high 87 Sr/ 86 Sr isotopes have been reported from Daikakuji Seamount (Fig. 9) , suggesting that the Loa component may have appeared in the Hawaiian plume as early as ca. 47 Ma, near the bend in the Hawaiian-Emperor Chain. Careful analysis of leached samples is critical to confi rm this observation and to evaluate the extent of the Loa component among Northwest Hawaiian Ridge volcanoes because the presence of this source component has important implications for the magma fl ux variations for the Hawaiian Ridge (see following).
Magma Flux Variations along the Hawaiian Ridge
The magmatic productivity of mantle plumes is highly variable on local and regional scales (e.g., Vogt, 1972; White, 1993) . Along the Hawaiian-Emperor Chain, the local variations are evident in the size differences between adjacent volcanoes (e.g., west Maui and Haleakalā, 9 versus 70 × 10 3 km 3 ; Robinson and Eakins , 2006) . To evaluate regional magma fl ux variations, 10 m.y. time segments of the Hawaiian-Emperor Chain were examined for the volume calculations to minimize the local variations (e.g., White, 1993) . Previous studies have used a variety of approaches including bathymetry (with or without gravity corrections) and various fl uid dynamic models to determine the regional variations in the magmatic fl ux along the Hawaiian-Emperor Chain (e.g., Bargar and Jackson, 1974; Sleep, 1990; White, 1993; Ribe and Christensen, 1994; Van Ark and Lin, 2004; Vidal and Bonne ville, 2004) . Despite the different approaches, some consistent trends emerge in the magma fl ux estimates for the Hawaiian-Emperor Chain. ) with the lowest fl ux ca. 35 Ma (Fig. 2) . (3) The younger section of the Northwest Hawaiian Ridge and the Hawaiian Islands had an order of magnitude increase in magma output to values >20 m 3 s -1
, with a maximum at the southern end of the islands and a major high for Gardner volcano (Fig. 2) . These overall features are robust and independent of the compensation model used (Vidal and Bonneville, 2004) . In the following paragraphs, we review and evaluate some of the previously proposed explanations for the fl ux variations.
The processes invoked to explain magma fl ux variations for the Hawaiian-Emperor Chain can be subdivided into two groups, lithosphere related and plume related. The lithosphere-related processes include the following: (1) Faster plate motion causes higher output rates (Vogt, 1972) . Although there is a crude overall variation in the output rate of the Hawaiian-Emperor Chain with estimated plate velocity, the Louisville Ridge shows an opposite trend (Koppers et al., 2011) , so this idea is not valid for hotspot trails in general. (2) Variations in lithosphere thickness (White, 1993) . Thinner, warmer lithosphere allows greater extents of melting (Regelous et al., 2003) . Along the HawaiianEmperor Chain, there is no clear correlation between magma production rate and lithosphere thickness (White, 1993) or with the presence of fracture zones (Epp, 1984) . The marked increase in lithosphere thickness from north to south under the Emperor Seamounts is not correlated with higher magma production (White, 1993) . (3) Changes in plate stresses resulting from reconfi gurations of plate motion (e.g., Sager and Keating, 1984; Koppers and Staudigel, 2005; Wessel and Kroenke, 2009 ). This model attributes variations in magma fl ux to fl uctuations in the lithosphere's state of stress driven by changes in the absolute motion of the Pacifi c plate. Depending on the direction of these changes and location on the plate, a region may undergo an increase in tensional (more melting) or compressional stresses (less melting), which modulates the amount of melt reaching the surface (Hieronymus and Bercovici, 1999) . At present, we are not able to evaluate the viability of this model.
Potential plume-related causes for the variations in magma fl ux include the following. (1) Southward migration of the Hawaiian hotspot (Tarduno et al., 2003) . This migration stopped at or before the bend in the Hawaiian-Emperor Chain, so hotspot drift is unable to explain the magma fl ux variation for the past 50 m.y. (2) Periodic oscillation in the plume conduit diameter (e.g., Ito, 2001) . This model suggests that plumes may have solitary waves formed at boundary layers that cause perturbations in magma fl ux (the plume conduit swells or contracts with more of less plume mass; e.g., Sleep, 1992) . Solitary waves have been invoked to explain V-shaped ridges along the Mid-Atlantic Ridge (Iceland and Azores; Ito, 2001; Escartin et al., 2001 ). White (1993) reasoned that the effects of solitary waves in the mantle are smoothed by using 10 m.y. time slices for volume calculations. Thus, the overall increase in melt production for the Northwest Hawaiian Ridge is probably not be related to changes in the plume conduit diameter. (3) Changes in melting conditions (temperature and/or pressure; Vogt, 1972; Sleep, 1990; Jull and McKenzie, 1996) . For example, the order of magnitude increase in magma output over the past 30 m.y. along the Hawaiian Ridge was estimated to require an ~150 °C temperature increase, assuming that other parameters were constant (Vogt, 1972) . Currently, there are no geochemical data to evaluate whether there was a decrease in pressure or increase in temperature of melting. (4) Alternatively, a marked change in source fertility (related to rock type, pyroxenite versus peridotite, and/or previous melting history; Hofmann, 1988; Sobolev et al., 2007; Lee et al., 2009) might be responsible for the remarkable increase in magma output of the Hawaiian plume. Lavas with Loa-type isotopic compositions were reported from Daikakuji Seamount, just south of the bend in the Hawaiian-Emperor Chain (Fig. 9) . The Loa geochemical signature is thought to be related to melting of a pyroxenite rather than a peridotite source (e.g., Hauri, 1996) . Pyroxenite melts at a lower temperature than peridotite, so its presence in the source of Northwest Hawaiian Ridge lavas might correlate with higher magma fl ux. However, the Daikakuji area of the ridge was not a region of high melt output (White, 1993) .
To assess the possible source composition of lavas from elsewhere along the Northwest Hawaiian Ridge where there are no Pb isotope data, we examined ratios of major elements that are thought to be distinctive of the source component in Hawaiian Island tholeiitic lavas and that are insensitive to olivine fractionation (Na 2 O/TiO 2 and CaO/Al 2 O 3 ). Jackson et al. (2012) found that the Loa-type source component (best shown for Ko'olau lavas) higher Na 2 O/TiO 2 and lower CaO/Al 2 O 3 than Kea-type lavas (Jackson et al., 2012) . If we consider only tholeiitic Northwest Hawaiian Ridge lavas with MgO > 8 wt% that contain only modal olivine (11 samples from 6 volcanoes), there is an overall increase in the CaO/Al 2 O 3 ratio from Nῑhoa to East Northampton volcano (0.69-0.94, but with considerable local variation between adjacent volcanoes, 0.81-0.94). Only the transitional lava from West Nῑhoa overlaps in CaO/Al 2 O 3 with the Makapu'u component of Ko'olau (0.69 versus <0.73) . There is no regional pattern in Na 2 O/TiO 2 in Northwest Hawaiian Ridge and none have ratios as high as those of Makapu'u component (>1.1; Table 3 ). Overall, the major element chemistry of most Northwest Hawaiian Ridge lavas are Kea-like. With the current limited data set for Northwest Hawaiian Ridge, the question of when the Loa component arrived and what effect it had on melt fl ux is unresolved. Evaluation of the longevity of the Loa component in the source for Hawaiian magmas requires new high-precision isotopic data and more whole-rock chemistry data from lavas of the Northwest Hawaiian Ridge.
We have shown that some of the proposed mechanisms to explain the dramatic increase in melt fl ux along the Hawaiian Ridge are probably not valid (e.g., variations in plate thickness, plate velocity, and plume conduit size), whereas others (changes melting conditions and fertility of the source) need additional evaluation through new geochemical, isotopic, and modeling studies.
SUMMARY
We have presented a new bathymetric compilation of the Northwest Hawaiian Ridge, and new petrographic and XRF data for lavas recently collected using the Pisces V submersible and other samples from 12 volcanoes spanning ~1900 km of the Northwest Hawaiian Ridge. In addition, the current state of knowledge on the age and isotopic variations along the Northwest Hawaiian Ridge has been reviewed. These new results and analysis show the following:
1. Determining the number seamounts along the Northwest Hawaiian Ridge is complicated by the incomplete bathymetric data set and the presence of Cretaceous seamounts along and near the ridge. We recognized 51 volcanoes along the Northwest Hawaiian Ridge based on new and previous sampling and/or the location of the seamount within the trend of the ridge. Lavas have been recovered from 27 of the 51 volcanoes; more volcanoes may be present within the Northwest Hawaiian Ridge, as suggested by others, although additional surveying and sampling are needed to confi rm their presence.
2. The rock types along the Northwest Hawaiian Ridge are the same as observed on the Hawaiian Islands with tholeiitic shield and alkalic post-shield lavas found on many of the sampled volcanoes. However, examples of rejuvenated volcanism are much less common among the samples taken along the Northwest Hawaiian Ridge than on and around the Hawaiian Islands (15% versus 50% of the volcanoes). This may be related to extensive development of carbonate reefs on the Northwest Hawaiian Ridge volcanoes obscuring their presence, their removal via erosion, or the fact that the limited sampling to date has not encountered them. Alternatively, the scarcity of rejuvenated volcanism could be a consequence of plume processes related to less extensive melt fl ux for the Northwest Hawaiian Ridge versus the Hawaiian Islands.
3. The absolute age and duration of volcanism for individual volcanoes are poorly known for most of the Northwest Hawaiian Ridge. Few samples from these volcanoes have been dated by modern 40 Ar/
39
Ar methods, and those that have been analyzed with modern methods are concentrated near the bend in Hawaiian-Emperor Chain. Thus, the rate of Pacifi c plate motion during much of the late Cenozoic is not well constrained by the existing ages for the Northwest Hawaiian Ridge.
4. The initiation age of the bend in the Hawaiian-Emperor Chain is ca. 49-48 Ma. This age is slightly younger than previously reported (ca. 50 Ma) and the age for the onset of island arc volcanism in the western Pacifi c (52-51 Ma). Our interpretation of a younger age for initiation of the bend does not preclude a link between the start of arc volcanism and the change in direction of the Pacifi c plate (as refl ected by the kink in the HawaiianEmperor Chain) but it indicates that they were not synchronous.
5. The Loa-trends source component was found in the isotopic data for two transitional lavas from Daikakuji Seamount near the bend in the Hawaiian-Emperor Chain. Otherwise, all the other isotopic data, which are extremely limited, especially for Pb and whole-rock XRF data for Northwest Hawaiian Ridge lavas indicate only Kea trend source compositions.
6. The well-known dramatic increase in melt fl ux for the Hawaiian Ridge is probably not related to some of the previously proposed mechanisms (variations in plate thickness, plate velocity, and plume conduit size). Melt fl ux variations may be related to changes in melting conditions, source fertility, or plate stress, although more work is needed to evaluate these alternatives.
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